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Chapter 1: Introduction and Motivation 
Introduction 
Tornados are a violent weather phenomenon that affects the lives of 
thousands of people each year. Tornados are atmospheric vortices with significant 
tangential and vertical velocity components. Therefore, the flow field in a tornado is 
much different from the straight-line boundary-layer wind. Each year, people die and 
civil infrastructure sustains damage due to tornados. According to Wind Hazard 
Reduction Coalition statistics, each year an average of 800-1000 tornados occur in 
the U.S. and cause 80 deaths, 1500 injuries, and $850 million worth of damage on 
average. Although mostly associated with the region in the central states often 
referred to as "tornado alley," tornados have occurred in all fifty states and also 
occur in coastal regions as hurricanes make landfall. 
Tornado Intensity is measured by what is known as the Fujita Scale. This 
scale measures the intensity of a tornado by assessing damage inflicted on man-
made structures in the path of the tornado. Meteorologists have assigned wind 
speeds to the various categories of the Fujita scale, but these speeds are merely 
estimates that have not been verified completely. Therefore, tornados are actually 
classified on the basis of damage they cause, not the wind speed. The scale ranges 
from F0, with minimal damage and estimated winds of around 40-70 mph, to F5 with 
catastrophic damage and estimated wind over 260 mph. Table 1.1 shows the 
details of the Fujita Scale categories. Table 1.1 also describes a theoretical F6 
tornado that has never actually been observed in nature. 
In spite of causing significant losses, tornados have received little attention 
from wind engineers. Statistics show that 90% of all recorded tornados are rated F2 
or less {Bluestein and Golden, 1993) on the Fujita Scale that is, they involve wind 
speeds less than 157 mph. It may be economically feasible to design structures to 
resist F2 tornados. For cases where structures cannot be designed to survive, 
shelters below or above ground can be designed to protect people from tornados. It 
can be argued that certain essential facilities such as power plants, hospitals, and 
airports should be designed for tornados of F3 intensity or higher. Any such design 
work, however, requires accurate information about the nature of the wind loads on 
structures due to tornados. 
Determining tornado-induced wind loads is difficult for two reasons because 
quantifying wind velocity magnitudes in tornados is difficult and because simulating 
tornados in a laboratory while measuring wind pressures on structures is non-trivial 
and has not been systematically attempted. With the latest instruments, equipment, 
and computing facilities, it is now possible to pursue these goals through fieldwork 
and through numerical and laboratory simulation. 
Evolution of the Laboratory Tornado Simulator 
Tornado simulators are not a new concept. Laboratory simulation of tornados 
became popular after Neil Ward designed the first simulator that could produce 
multiple vortices in 1956. Very little was known about the formation of tornados at 
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this time, making the tornado simulator a great tool for investigating this process. A 
number of tornado simulators were built and tested in the last half of the 20tH
century, but a few are worth mentioning including the ones at the universities of 
Purdue and Oklahoma. Many tornado demonstrators as opposed to simulators were 
built by tornado enthusiasts as well. At present, computer models that have been 
perfected over many years have replaced the role of the laboratory simulator for this 
purpose. Thus, meteorologists have learned to rely less on physical simulation and 
more on numerical models as effective tools. The laboratory simulators of the past 
were built with the sole purpose of studying the formation of tornados, otherwise 
known as tornadogenesis. However, computational fluid dynamics or CFD cannot 
be currently considered as a reliable tool for studying fluid-structure interaction 
problems in wind engineering where bluff bodies, high turbulence and vortex-type 
flows, can prove to be very challenging. Laboratory tornado simulators seem to be 
the answer for assessment of wind loads on ground-based structures like wind 
tunnels are for straight-line winds. 
Design objective and Philosophy 
The objective of this research is to design and test a tornado vortex simulator 
for the purpose of studying tornadic wind loads on structures. This particular project 
does not directly study structural effects, but focuses on exploring and creating an 
accurate simulation of the tornadic wind field. Structural effects will be studied later 
using alarger-scale version of the model simulator recommended in this project. 
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For this project to be successful, the designed model simulator must meet the 
following requirements. 
1. Its flow field must accurately model full-scale tornados of varying sizes and 
intensities. 
2. It must produce a stable translating vortex. 
3. Its design must be applicable to a larger scale (4.5:1). 
4. It should closely mimic the actual process in nature to create a steady 
vortex. 
Objective 1 is vital for the simulator to be an effective research tool. The 
laboratory simulator should be designed to create an accurate simulation of natural 
tornados. Objective 2 is necessary for the design to model realistic tornados since 
nearly all tornados translate. To meet this requirement, the simulated vortex can not 
be stationary on the ground plane, unlike past laboratory simulators. Objective 3 is 
absolutely necessary for this project to continue to the structural test phase. The 
specific Scaling Issues will be discussed in detail in Chapter 2. Objective 4 is a 
design philosophy that will increase the chance of success of the project. A 
simulator that mimics the actual process in nature is going to be more likely to 
produce an accurate model of a tornado. The design process discussed in Chapter 
5 demonstrates that when the actual natural process was identified, the final design 
was accomplished. 
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Thesis Organization 
This thesis explains and illustrates the design concept of the laboratory 
prototype tornado simulator to be built at Iowa State University in the Fall of 2003. 
Chapter 2 mentions many of the important considerations that were taken into 
account in the design process. Chapter 3 briefly discusses tornado simulators that 
have been built in the past. Chapter 4 presents the many design options and there 
testing that eventually led to the final design of the tornado simulator. Chapter 5 
discusses the data collection process and the findings. Chapter 6 discusses the ISU 
laboratory prototype simulator in detail. Chapter 7 will give a brief summary of the 
findings in this research. 
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Chapter 1 Figures and Tables 
Table 1.1 The Fujita Scale (The Fujita Scale, Tornado Project 
Online, 2003) 
F-Scale Number 
FO 
~,~.. 
{ 
F1 
F4 
, IFS 
F6 
x 
{ 
Intensity Phrase 
Gale tornado 
Moderate tornado 
Significant tornado 
Severe tornado 
f Devastating tornado 
Incredible tornado 
Inconceivable tornado 
Wind 
Speed 
Type of Damage Done 
40-72 }Some damage to chimneys; breaks branches off trees; pushes over shallow-rooted 
mph 
73-112 
mph 
: 113-157 
mph 
t trees; damages sign boards. 
k The lower limit is the beginning of hurricane wind speed; peels surface off roofs; 
mobile homes pushed off foundations or overturned; moving autos pushed off the 
roads; attached garages may be destroyed. 
Considerable damage. Roofs torn off frame houses; mobile homes demolished; 
boxcars pushed over; large trees snapped or uprooted; light object missiles 
generated. 
158-206 ' Roof and some walls torn off well constructed houses; trains overturned; most 
mph trees in fores uprooted 
207-260 Well-constructed houses leveled; structures with weak foundations blown off 
mph some distance; cars thrown and large missiles generated. 
261-318 
mph 
319-379 
mph 
~....Y.. . ....... .. .... n ... ...................~ . ....~..,,,~......  . . .....K.......... .._ 
Strong frame houses lifted off foundations and carried considerable distances to 
disintegrate; automobile sized missiles fly through the air in excess of 100 meters; 
f 
trees debarked; steel re-inforced concrete structures badly damaged. 
f { ~... 
These winds are very unlikely. The small area of damage they might produce 
would probably not be recognizable along with the mess produced by F4 and FS 
x 
wind that would surround the F6 winds. Missiles, such as cars and refrigerators 
x 
would do serious secondary damage that could not be directly identified as F6 
damage. If this level is ever achieved, evidence for it might only be found in some 
i 
z manner of ground swirl pattern, for it may never be identifiable through 
. :engineering studies 
Chapter 2: Design Considerations 
Tornado Simulator Function and Swirl Ratio 
All tornado simulators work in slightly different ways, but they all are based on 
a simple principle, conservation of angular momentum. Relatively weak surface 
vorticity is stretched into a more violent vortex by convection. However, not every 
vortex is the same. There are many different parameters that are considered 
important for a simulated tornado. 
Vortex intensity, or vorticity, is the most obvious. The higher the wind speeds, 
the more intense the tornado will be generally. This wind speed will be broken into 
tangential, radial and vertical components. Size is also very important for the 
strength or intensity of the vortex. The size of the tornado determines the size and 
number of structures that can be affected by the tornado. It is important to know 
how these parameters, such as wind speed, size, and vorticity, in a tornado are 
related. This relationship has been shown to be governed by anon-dimensional 
parameter known as the swirl ratio which is defined as: 
S =(rz ~ Vt)/Q 
where r is the radius at which the swirl ratio is calculated, Vt is the tangential velocity 
at this radius, and Q is the total system flow rate. Since momentum is generally 
conserved: 
~Vt~~r~n = C 
where C is a constant and n is equal to 1 for perfect momentum conservation. In 
this case, where n is equal to 1, it is not important at what radius the swirl ratio is 
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calculated. However, it has been found that n is generally not equal to 1 in a real 
tornado (Hoecker 1960). The n value can be different for different sizes of tornados. 
This brings an important question. At what radial distance, r, should the swirl ratio 
be calculated? Past researchers have used the radius of the convection region in 
the simulator. However, it may be very difficult to determine the radius of the 
convection region in the field. The radius of the maximum tangential winds might be 
easier to find and may be a more practical option if the data obtained from the 
simulator is to be compared to full-scale field data. 
Larger swirl ratios were correlated to larger vorticies (Nolan, Farrell 1997) in 
the laboratory. It was also found that when the swirl ratio exceeds .45, the vortex 
begins to breakdown into multiple vortices that orbit around the center of convection. 
This is a very common occurrence in real-world tornados. 
Scaling Issues 
Since the laboratory prototype simulator needs to be planned with an 
appropriate geometric scale that is suitable for physical model testing, scaling issues 
play an important role. There are many scaling parameters that need to be 
considered. 
All the primary scales are derived from the length and velocity scales. The 
length scale (~~) is simply the geometric size difference. The velocity scale (I~„) is 
based on the wind speeds in the model simulator verses that of the larger scale 
simulator or the full-scale tornado. The time scale (J~t) is governed by the velocity 
scale and the length scale. The flow rate scale (I~Q) is based upon the velocity and 
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length scales. There are no issues of scaling with the swirl ratio since its scale (AS) 
checks out to be equal to 1. 
I~„ = known constant 
A~ =known constant 
At = A~/ ~~ 
AQ = ~~ A~2
~ S = ~~ 
~L2 /A(~ = 1 
The aspect ratio, a, is an important parameter that shows the relationship 
between the inflow depth h and the radius of the vortex core, r~. 
a=h/r~ 
Simulating Translation 
Simulating tornado translation is a new concept in tornado simulators. All 
previous simulators were built to produce stationary vorticies. There are two ways of 
simulating translation: Vortex translation with a stationary ground plane and ground 
plane translation with a stationary vortex. 
In the first option, the vortex will move with respect to its surroundings. This 
is more challenging because the simulator cannot be anchored to the ground plane. 
There is also the issue of the ambient environment. For the simulation to be of any 
quality the ambient air must move with the simulator or the simulation region must 
be sheltered from it. Both of these tasks are quite complex, making this option 
relatively difficult. 
Designs of laboratory simulators that already exist will work very well for the 
translating ground plane option. However, instrumentation and models on the 
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ground plane will have to move, creating some possible complications due to 
vibration and other related issues. Also, the simulation seems less realistic, due to 
the fact that the vortex does not actually move. 
Tornado Formation Theory 
Meteorologists have been working to unlock the secrets of tornado formation 
since this field of research began. The most widely accepted theory for tornado 
formation is RFD theory, which stands for Rear Flank Downdraft. This RFD is 
produced by supercell thunderstorms, the type of storms that produce the most 
violent tornados. Figure 2.1 shows a plan view schematic of a typical supercell 
thunderstorm and the associated RFD. The RFD descends to the ground just 
outside of the main updraft of the thunderstorm and is spinning cyclonically 
(counterclockwise). The downdraft will eventually wrap around the updraft as it 
strikes the ground. The relatively weak vorticity in the rotating downdraft is stretched 
by the violent updraft of the thunderstorm, producing a tornado. It was found in the 
VORTEX Project, which stands for "Verification of the Origins of Rotation in 
Tornadoes Experiment" (Rasmussen et al., 1994), that the convergence induced by 
the descending rear-flank-downdraft plays an important role in getting 
tornadogenesis at the surface. The RFD appears to be significant because many 
supercell thunderstorms are produced that rotate aloft and appear to show all the 
characteristics of a tornado producing storm, but a tornado does not form. The main 
question in the meteorological field of research is shifting to discovering why the 
RFD forms and how to predict it. 
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Effect of Tornadic Wind Loads on Structures 
The winds produced by tornados are very different from other types of wind. 
Most other types of wind are "straight-line" in nature. Tornadic winds change 
direction drastically over a small area. Due to their rotation, the pressure inside a 
tornado will also be much lower than the pressure outside of the tornado. Fig 2.2 
shows a typical pressure and velocity distribution inside a tornado. In the past, it 
was advised to open windows before a tornado was about to hit to allow the 
pressure to equalize, preventing damage to the structure. However, this practice is 
now generally discouraged. This simulator would allow a more thorough study of 
this issue. Due to the violent nature of tornados, debris inside the tornado can 
cause significant damage to structures. This debris is often referred to as missiles. 
As you can see, dynamic wind loads are not the only factor to take into consideration 
when designing a structure to withstand tornadic wind loads, unlike other types of 
wind. 
Dynamic wind loads, pressure changes, and missile affects, all need to be 
considered when designing a structure. The future study using the larger scale 
simulator will not study missile effects directly, but focus on the wind loads on the 
structure that will include the effects of atmospheric pressure changes. An effective 
method of .studying missile impacts is already in place. Large cannons are used to 
fire debris at a structure to measure the damage. However, missile effects are 
related to wind loads indirectly. If even a small hole is created by a missile in a 
relatively sealed building, the internal pressure on the building will change possibly 
12 
causing the structure to fail. This particular scenario would be a possible area of 
study in this particular simulator. 
13 
Chapter 2 Figures and Tables 
Figure 2.1 Schematic Diagram of Supercell Thunderstorm 
Tangential 
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Distribution 
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Figure 2.2 Typical pressure and velocity distribution in a tornado 
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Chapter 3: Past Tornado Simulators 
Ward Simulator 
In the original Ward simulator (Fig 3.1), flow converges through a cylindrical 
mesh screen 8 ft in diameter. This screen rotates about the axis of the simulator, 
imparting a controllable rotation to the inflow. An exhaust fan of variable speed 
produces the convection in the center of the simulator. The suction is evenly 
distributed across the top of the 6 ft diameter convection region by a fine mesh 
honeycomb. This honeycomb also decouples the flow in the convection region from 
the rotation of the exhaust fan. The convection region is 3 ft in height. A variable 
diameter hole separates the convergence region from the convection region (Ward, 
1972). The simulators at the University of Oklahoma and Purdue University were 
based on the concept developed by Ward. 
The Ward simulator creates a good vortex. It is also capable of producing 
multiple vortices. The drawback in relation to this project is that it has no translation 
capability. Building models cannot pass through the stationary simulator to create 
the appearance of a translating vortex due to the large rotating screen that creates 
the low-level vorticity. 
Common Demonstration Simulators 
Many people have built tornado simulators for various reasons ranging from 
hobby interest to school science projects. A simple simulator can be made by 
cutting two slots in the opposite sides and opposite corners of a tall closed box (Fig 
3.2). A small fan is installed on top of the box. Air flows out of the box through the 
15 
fan and into the box through the slots. The slots are oriented in a way that rotation is 
created in the box. The convection stretches this rotation and a vortex is formed. 
Another common design involves 4 to 6 vertical tubes that are oriented in a circular 
pattern (Fig 3.3). These tubes have holes drilled down the length of the tubes 
pointing along the tangent of the circular arrangement. Pressurizing these tubes 
produces a rotational flow. Installing a fan above the tubes in the center of the 
arrangement creates convection that stretches the rotation and produces a vortex 
(Doswell, Grazulis, 1998). 
These pressurized tube simulators also produce good vortices since they are 
based on the same concept as the Ward simulator. They allow apparent translation 
due to the fact that there is no rotating obstruction blocking the path, but some 
clearance needs to be allowed between the tubes. The pressure tube simulator 
could be made to translate if it is not anchored to the ground plane. However, the 
issue of the still ambient air outside the vortex region interacting with the vortex 
could be a complication. 
The Fujita Simulator 
In addition to creating the F scale, Fujita also created a tornado simulator (Fig 
3.4). It involved a rotating shaft oriented vertically above the ground plane. 
Attached to the shaft were horizontal bars with cups on the tips. The length of the 
bars decreased as the shaft got closer to the ground plane. The entire mechanism 
was surrounded by a vertical duct. 
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This simulator would work well for creating the appearance of translation due 
to the lack of obstructions on the test plane to block the translation of models. 
However, like the simulators described earlier, the still ambient air outside the region 
of vorticity has potential to disturb the vortex if the simulator is made to translate 
instead of the models. 
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Chapter 3 Figures and Tables 
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Figure 3.4 The Fujita Simulator 
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Chapter 4: Design Process of the ISU Laboratory Prototype Simulator 
Design Concept 
The design of the ISU laboratory prototype simulator started as a new 
unproven concept that eventually yielded some promising results and some 
challenges. To learn more about different methods of simulation of vorticies, some 
design concepts similar to the common demonstrator types were tried. These 
designs ultimately led to a new design concept that meets all the requirements 
explained in Chapter 1. The ISU laboratory prototype simulator modifies the concept 
of the Ward simulator allowing clearance for building models and creates a 
simulation that is very similar to the process that produces a tornado in a supercell 
thunderstorm, the type of storm that produces the most violent tornados. 
Rotating Paddle Simulator 
The first simulator that was built and tested was very similar to the Fujita 
simulator. This simulator consists of a circular duct with a diameter of 14 in. that is 
vertically fixed to a trolley to allow translation and is covered at the top (Fig 4.1). 
Inside the duct, a 1 hp, 1750-rpm motor drives a 5-blade vane, with zero pitch angle, 
through a pulley and shaft arrangement. The duct has a clearance of 5 in. from the 
top followed by a 4 in. thick honeycomb plus screens. The 5-blade vane is 6 in. in 
length and is located below the honeycomb. There is a 14 in. gap between the vane 
and the exit of the duct. There is a deflector mounted at the duct exit to separate the 
updraft from the downdraft that occurs near the periphery of the duct. A variable 
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speed motor drives the trolley so that the effect of translation speed on the vortex 
can be studied. The distance between the ground plane and the bottom of the duct 
can be varied up to a maximum clearance of 23 in. There are two ground planes 
that can be separately used in this experimental setup. The first one has a circular 
opening covered by a slotted plate for injecting smoke or mist from underneath the 
ground plane to help visualize the flow. The second ground plane has several 
pressure ports connected to a dedicated set of Validyne transducers to measure 
pressures on the ground surface underneath the vortex. Figure 4.2 shows 
measured ground pressures as compared to theoretical values of a Rankine vortex 
(Fig 2.2, n = 1). Since the vortex wobbled slightly and it was not fixed in space, a 
data analysis technique was used to get the pressure distribution underneath the 
steady vortex. 
Some early and very important lessons were learned from this first simulator. 
A seemingly simple method of creating a translating vortex proved not to be so 
simple. Stability, mainly while translating and to a lesser degree while stationary, 
was very poor as seen from flow visualization (Fig 4.1). The instability while 
translating is most likely due to the static air ahead of the simulator cutting off the 
rotation from the rotating mechanism due to the relative velocity. It became apparent 
during testing that there is no method of controlling the vortex diameter in this 
simulator. This is due to the fact that both the rotation rate and convective force to 
create the updraft are coupled and dependent on the speed of the motor. Thus, the 
Fujita simulator wouldn't have served the purpose of this research, for the same 
reason. Since the ratio of rotational energy to convective energy (Swirl Ratio) 
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governs the size of the vortex, a simulator that can decouple the rotation and 
convection needed to be devised. Ward type simulators could accomplish this very 
well, but do not have capability of translation if models are to be tested. Another 
important observation was made. When the air deflector that separated the updraft 
from the downdraft was made very large, that resulted in removing the rotating down 
flow from the vortex core, it caused the vortex to disappear. This suggested that the 
vortex builds vertically upwards from near the ground plane and not vertically 
downwards from the rotating blades as initially assumed. 
Despite the limitations of the first simulator to accomplish the goals of this 
research, it was determined that this concept should be duplicated with water as a 
medium where the flow field could be studied in detail due to the better performance 
of PIV (Particle Image Velocimetry) in water than in air, as mentioned in Chapter 5. 
This flow visualization in water would show the horizontal and vertical structure of 
the vortex, aiding in the design of the next simulator concept. A hexagonal water 
tank was used to build a smaller scale model of the simulator compared to the air 
one (Fig 4.3). The basic setup of the simulator consists of this hexagonal water tank 
with aface-to-face width of 20 inches and 30-inch height. An electric motor turns a 
shaft that is suspended into the water from the top. Various types of rotating 
mechanisms including blades or screens can be fixed to the bottom of the shaft. All 
of the rotating mechanisms had a diameter and a height of 4 inches. Basic flow 
visualization was accomplished by placing small glitter particles in the flow and by 
observing the path of a streamer in the flow. 
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Many lessons were learned from the water simulator. The vorticity in the 
outflow from the rotating mechanism is vital to vortex formation. This vorticity must 
be entrained into the updraft and stretched to produce a vortex. It was noticed from 
the PIV data (Vector Plots Fig 4.4a, Velocity Profiles Fig 4.4b) that the outflow is 
very erratic, causing irregular inflow into the vortex. The result was poor stability of 
the vortex. More uniform inflow was needed to improve this concept. 
Box Chamber Simulator 
After learning lessons from the water simulator, a new design concept of a 
simulator was considered that would allow control of the swirl ratio and more uniform 
inflow. Astable vortex was successfully produced using a rectangular box chamber 
with inflow slots at the ground plane on two opposite sides and an updraft region in 
the center (Fig 4.5). The surface rotation was produced by a set of vanes directing 
the flow at an angle to the radial direction or two fans that produced flow parallel to 
the slots in opposite directions. At first a spinning screen at the top of the box was 
used to create the updraft in the chamber. Avery important discovery was made by 
chance during the trials. The surface rotation was unintentionally oriented in the 
opposite direction of the rotation aloft. In spite of two opposite rotating flows, a 
stable vortex that rotated in the direction of the surface rotation was formed. This 
led to a conclusion that the rotation aloft is not important and it is not necessary to 
produce a controlled vortex. The rotating screen at the top can be replaced with a 
system that creates pure suction with no or negligible rotation. 
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The main lesson learned from this simulator is that a rotating convection 
apparatus is not needed to produce a vortex. This finding will lead to the later use of 
pitched blade fans in conjunction with a stationary honeycomb underneath the fan to 
produce a uniform and non-rotational suction in the final design. 
Pressurized Tube Simulator 
The major limitation of the previous designs is the fact that they would not 
translate at all or produce a stable vortex while translating. As previously stated, 
producing a moving vortex is critical to the accurate modeling of real life tornadoes. 
In an attempt to build a moving simulator, another concept that is well known was 
slightly modified and tested. This simulator produces vorticity by pressurizing 
multiple vertically oriented tubes that have holes drilled along their length at regular 
intervals for the flow in the tubes to discharge (Fig 4.6). The tubes are placed along 
the circumference of a circle and the holes aligned with the tangential direction to 
produce vorticity. A fan produces suction at the center of the simulator. This suction 
stretches the uniform vorticity produced by the tubes and produces a stronger vortex 
at the center of the simulator. Simulators of this type have the tubes anchored to the 
ground and pressure chamber located below ground, making translation of the 
vortex impossible. To make it work for this research, the pressure chamber was 
moved to the top of the simulator and the tubes were not anchored to the ground, 
but terminated right above it. Controlling the pressure in the tubes will create flow 
through the holes in the tubes and resulting vorticity, allowing the swirl ratio to be 
manipulated. This system worked very effectively when all of the discharge holes in 
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the tubes were kept open, but when inflow into the vortex was restricted to lower 
levels by closing the holes at the upper levels, vortex stability became poor and the 
vortex size decreased (Fig 4.7). Translation of the vortex was simulated here by 
creating a gentle draft with fans placed at a distance from the simulator blowing into 
the vortex. Poor vortex stability during translation is possibly due to the fact that the 
upper levels of the convection region are not protected from the stagnant air that 
interferes with it during translation, creating a problem similar to that of the first 
model simulator tested. 
The main lesson from this concept was that the majority of the vortex region 
of the simulator must be sheltered from the outside environment, while allowing the 
simulator to pass over scaled models of structures or terrain on the ground plane. 
The final design concept addressed this problem, completing the design process for 
a simulator that met the unique design criteria for wind engineering study. 
Rotating Forced Downdraft Simulator 
Based on the lessons learned from the rotating paddle simulator, the box 
chamber simulator, and the pressurized tube simulator, a new and final design was 
developed (Fig 4.8, 4.9). The new design was required to create a circular 
symmetric inflow so that the stability of the vortex can be increased by constraining 
the flow to a convergence region. Stability is very important if repeatable 
experiments are to achieved. Many of the latest theories about supercell tornado 
development point to an RFD (Rear Flank Downdraft) that is wrapped around the 
updraft region and creates convergence at a point underneath the updraft region 
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near the ground. The vorticity in the downdraft is produced by the rotating nature of 
the thunderstorm. This vorticity is then stretched by the updraft to produce a vortex. 
This physical concept seems to be the best way to produce the vortex in the 
laboratory for many reasons, one being the stability issue, and the second being a 
simulator that closely resembles the natural process that will be much more 
appealing and adaptable in the future if required to meet new theories in tornado 
genesis. As a result, the following design was crafted. 
The final design of the laboratory simulator at ISU is unique in comparison to 
other simulators constructed in the past due to efforts to replicate the nature as 
much as possible. In this design, atornado-producing thunderstorm is simulated by 
producing a strong region of updraft, surrounded by a spinning tube of air that 
descends toward the ground plane. This spinning air that is created by adjustable 
turning vanes at the top of the simulator simulates the RFD. This design might allow 
testing of theories that buoyancy of the RFD plays a big role in determining tornado 
intensity and longevity (Markowski, 2002} by manipulating the temperature of the 
downflow. One of the most revolutionary features of this simulator is that it is able to 
produce a translating vortex. The downflow duct shelters the vortex from the 
stagnant outside air, while a large enough gap exist at the bottom of the simulator to 
allow it to pass over building models. This simulator is designed to be versatile so 
that future knowledge that is gained in the understanding of this weather 
phenomenon could be incorporated. 
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Chapter 4 Figures and Tables 
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Figure 4.1 
Rotating Paddle Simulator 
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Figure 4.3 Water Simulator 
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Figure 4.5 Chamber Simulator 
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Figure 4.6 Pressurized Tube Simulator (all holes open) 
Figure 4.7 Pressurized Tube Simulator (upper holes closed) 
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Figure 4.8 Final Design 
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Chapter 5: Data Collection and Analysis 
Flow Visualization 
Flow visualization was accomplished with a couple of ultrasonic mist 
generators that were placed in a tank filled with water placed under a perforated 
metal sheet in the vortex region. This seemed to work well. However, the vortex 
could only be visualized when it was directly above the mist generators. It was clear 
that the suction in the vortex core was drawing the mist through the perforated sheet 
metal. The water tank was pressurized later, forcing more mist to be injected into 
the vortex above in a much more uniform way. 
Basic flow visualization for the water simulator was accomplished by placing 
small glitter particles in the flow (Fig 5.1) and by observing the path of a streamer in 
the flow. The particle method worked very well for showing that a vortex was 
present. The particles also showed very well the outflow conditions that exist near 
the drive mechanism and how these outflows interact with the walls of the water 
tank. This was important to observe due to the fact that the air simulator had open 
boundaries and it did not have any walls to influence the downdraft. The main 
drawback to the particle method is that the visualization was deceiving due to the 
lack of control over where the particles were introduced. This caused the vortex 
appearance to be erratic. The vortex diameter appeared to change quite frequently. 
The best particle visualization was right before the instant when the particles were 
dispersed by the vortex down flow. After the simulator was run for a while and the 
flow reached aquasi-steady state, the particles would settle in a pile directly under 
35 
the location of the vortex after the system has been disengaged. This allowed the 
vortex formed in a new run to tap this pile of particles for the initial visualization. 
After the particles were dispersed by the vortex, they were entrained by the vortex at 
the surface. Careful observation of a single particle showed that the vortex had 
upward and downward flow in a vertical plane. As a result of this, a particle that tried 
to move into the center of the vortex was caught up in the strong vertical motions. 
Some particles penetrated deeper into the vortex than others. This caused the 
visualization to appear erratic. However, the vortex structure was not erratic. By 
placing a streamer into the flow, it can be seen that the flow was generally steady. 
This is an example of a case where a particle path is not the same as the flow 
around it. This was apparent due to the fact that the particles seemed to have 
trouble ascending into the vortex. Using smaller sized particles would have helped 
to increase the effectiveness of the f low visualization. The streamer seemed to be 
more reliable than particles. However, the streamer visualizes the flow at only one 
point whereas particles help to visualize the entire flow in varying concentrations, 
much like debris in real-world tornados. 
Experimental Setup 
The data collection process was divided into several phases. The goal of 
each phase was to determine specific parameters that must be known to complete 
the next phase. The instrumentation used for this data collection is a PIV (Particle 
Image Velocimetry) system. PIV creates a vector image on a plane of interest. This 
is accomplished by a sophisticated laser system and a camera system. The flow is 
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seeded homogeneously with. atomized olive oil particles that are very similar in 
appearance to smoke. These particles are illuminated by an intense laser pulse that 
is spread into the plane of interest by optics. A camera that is mounted to take 
images normal to the plane of interest takes a digital photograph at the instant when 
the laser is fired. This image is compared by a computer program with another 
digital image that is taken at a delay of 200 µs after the first. This comparison yields 
the vector field. 
The experiments are outlined as follows. All angles are given in degrees. 
The power setting for the 1 /3 hp motor was set to a maximum for all experiments. 
Variable Definitions: 
8d =average angle of the downflow 
8„ =average vane angle 
hd =height of downburst exit above ground plane 
hu =height of suction mechanism above ground plane 
Phase One: Determine efficiency of the vane system at the top that initiates 
the rotation in the downflow 
Type of Experiment: vertical-tangential velocity plot at the center of the 
downdraft 
Data Sets: 20-image average velocity every 10 degrees in the direction of 
fan rotation starting from 0 degrees. 
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This data showed ed in relation to 8,,. A function relating the two angles was 
found and is shown in Figure 5.2. 
Phase Two: Determine inflow characteristics at various values of downburst 
heights (hd) and downflow angles (6d). 
Type of experiment: vertical-radial plots from approximately the radius of 
the vortex core to the inner radius of the downburst. 
Data sets: 12 sets of 20 image average velocity plots. 
Simulator variables: 
h~=13 in. 
hd=(10,8,6,4) in. 
8d=(-10,30,70) deg. 
The above experiment helped to determine the variables needed to produce 
the optimal inflow depth. 
Phase Three: Determine vortex diameter for various values of 8e. 
Type of experiment: horizontal velocity plots covering vortex radius. 
Data sets: four 20-image average velocity plots. 
Simulator Variables: Height of horizontal vector plane: 3 in. 
hU=13 in. 
hd=optimal height determined in phase two (found to be 4 in.) 
8d=(10,30,50,70) deg. 
The above experiment was designed to determine the range of radius, 
tangential velocity, and swirl ratios produced by the simulator. 
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Phase Four: Determine vortex stability in translational mode. 
Type of experiment: horizontal velocity plots covering vortex radius. 
Data sets: Various instantaneous velocity plots 
Simulator Variables: 
hu=13 in. 
hd=4 in. 
ed=70 deg. 
The above experiment demonstrated the stability of the vortex while 
translating. 
Experimental Results 
The objective of Phase 1 was to determine the efficiency of the turning vane 
system that was used. Figure 5.2 shows the resulting efficiency graph. In this 
graph, one can see that the relationship is almost linear, making prediction of 
downflow angle simple. However, the downflow angle is not very efficiently 
produced. In the ideal case, downflow angle would equal vane angle. Any loss of 
vorticity decreases the maximum swirl ratio that can be attained. 
ed = 0.65 8~ + 3.77 
A more efficient vane system would improve the simulator significantly, but 
the current system (65% efficient) is sufficient to continue the concept testing of this 
project. The average downflow velocity was found to be 15.94 ft/s. With an outflow 
area of 2.43 ft2, the total flow rate was calculated as 2372 cfm. 
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The objective of Phase 2 was to determine the optimum downflow height to 
produce the best inflow. A good inflow profile is known to have awell-pronounced 
boundary layer that reaches a maximum velocity at some height above the ground 
plane. Above that point, the velocity gradually decreases to zero velocity. Figures 
5.3-5.6 show the inflow profiles for downflow heights of 4,6,8 and 10 in. with zero 
rotation. Figures 5.7 and 5.8 show the inflow profile for downflow height of 4 in. and 
10 in. and 30 degree vane angle. Table 5.1 shows various important parameters 
such as maximum inflow velocity and height and distance from downflow. 
From these graphs, it is concluded that lower downflow heights correspond to 
better inflow profiles. The profiles are much smoother corresponding to lower 
downflow heights and match the inflow characteristics of real tornadoes quite well. 
In the Dallas tornado of 1957 (Hoecker 1960), the maximum radial velocities were 
found to be around 150 ft about the earth's surface. If a 1:1500 scale is used, this 
maximum radial velocity height (.8 — 2.4 in.) and radial velocity profiles match very 
well with the inflow profiles of the Dallas tornado. The radial velocity profiles 
corresponding to higher downflow heights do not have the proper shape for 
modeling the inflow accurately. Also note that in Figure 5.8, the higher maximum 
radial velocity height indicates that the downflow may not be reaching the ground for 
the 10 in. case. It is possibly being entrained into the convective region much above 
the ground plane. Therefore, the main conclusion from phase one is that the 
downflow height must be as low as possible to capture the desired inflow profile 
while being high enough to allow structural models to clear. 
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The objective of phase 3 was to determine the range of swirl ratios that the 
simulator can obtain using the optimum inflow conditions from phase 2. Figures 5.9- 
5.12 show the tangential velocity profiles for vane angles of 10, 30, 50, and 70 
degrees with a downflow height of 4 inches. Table 5.2 lists key parameters such as 
vortex radius, maximum tangential velocity, and swirl ratio. Swirl ratio was 
calculated at the radius of maximum tangential velocity. From the momentum 
conservation law, n has been found to vary with the vortex radius in natural 
tornados. Figures 5.9-5.11 also show the associated n values that have been 
calculated. These values range from .36 to .95 in the region outside of the forced 
vortex region where the velocity-radius relationship is nonlinear. These values were 
calculated from the average vector plots. These values match well with what was 
observed in the outer free vortex region of the Dallas Tornado, where the n value is 
less than 1. 
Many conclusions can be made from phase 3. Swirl ratio can be controlled 
very well ranging from 0 to around .57. This is a very useful range for the purposes 
of this simulator. Avery interesting feature is noticed in Figure 5.12. Due to the 
nonlinear nature of the velocity profile inside the vortex core, it can be deduced that 
the vortex has begun to break down. The swirl ratio calculated for this particular run 
is .57. From previous research, it is known that once the swirl ratio exceeds a value 
of around .45, vortex breakdown begins. The breakdown can clearly be seen in Fig 
5.13 corresponding to this case. Multiple circulation centers are observed to form, a 
sure sign of vortex breakdown. 
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The primary conclusion from phase 3 is that the simulator will produce the full 
spectrum of possible vortices before vortex break down takes place. Multiple 
vorticity tornadoes do occur and strike structures. However, most buildings are 
small enough that they will only be struck by one of the tornado's vorticies at a time. 
For this reason, the simulator that has been designed can be effectively used to 
study the vast majority of tornado incidences. 
The objective of phase 4 was to determine if the vortex is stable under 
translation. Fig 5.14 shows a single PIV horizontal velocity vector plot of a moving 
vortex produced by the simulator. The simulator was translated by manually 
pushing the simulator at an arbitrary constant speed. Phase 4 has shown that the 
vortex is stable under translation. 
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Chapter 5 Figures and Tables 
Table 5.1 Radial velocity magnitudes and positions 
Vane angle (deg) /Downflow Radial velocity Horizontal distance from inside 
height (in) (ft/s) edge of downflow (in) 
-10/4 19.78 3.46 
-10/6 16.08 4.05 
-1018 13.52 4.96 
-10/10 11.58 7.60 
30/4 18.14 3.82 
30/10 11.61 6.93 
Height above 
ground (in) 
.79 
Table 5.2 Maximum tangential velocities, radius, and swirl ratio 
1.26 
1.89 
.47 
.91 
3.58 
Vane an le de /Downflow hei ht in Radius of max. Max. Tangential Swirl Ratio g ( g} g ( ) tan ential velocit in) velocit (ft/s) g Y( Y 
10/4 1.96 17.95 0.04 
30/4 2.71 28.65 0.12 
50/4 4.39 29.96 0.32 
70/4 5.50 33.73 0.57 
~~ 
Figure 5.1 Glitter Flow Visualization 
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Chapter fi: ISU Laboratory Prototype Simulator 
Simulator Characteristics 
A 6 ft-diameter fan that can generate a flow rate of 125,000 cfm was selected 
for the prototype laboratory simulator (Fig 6.1). The length scale can be calculated 
as the ratio of the model to prototype simulator dimensions. 
~,~=16 in/72 in=1 /4.5 
The prototype dimensions were selected based on the availability of the 
laboratory space. This gives a maximum dimension of 18 ft in plan and 19 ft in 
elevation f rom top of simulator to the ground plane. 
The velocity scale can be calculated using the length scale and prototype flow 
rate. Using the given length scale, the downflow area of the prototype laboratory 
simulator will be 50.25 ft2. This yields a maximum downflow velocity of 41.5 ft/s 
given the maximum flow rate of 125000 cfm. The maximum downflow velocity of the 
model simulator was 15.94 ft/s. This yields the velocity scale, ~,~ = 1 / 2.6. 
The flow rate scale can be calculated from the velocity scale and the length 
scale. 
I~Q =AvI~,2 =1/52.7 
Using these scales, it can be estimated that the prototype laboratory simulator 
will generate a maximum core radius of 2.1 ft, a maximum Swirl ratio of 0.57, and a 
maximum tangential velocity of 87.7 ft/s. A large crane has been designed to carry 
the simulator assembly at a maximum translation speed of 2 ft/s over a length of 25 
ft. The ground plane for model testing, 44 ft x 20 ft will have an adjustable height so 
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that the downdraft discharge height can be varied. The projected date of completion 
of the prototype simulator that will be constructed in the Wind Simulation and Testing 
Laboratory at Iowa State University is December 2003. 
Time Scaling Issues 
It is important to determine what real world situation is being simulated in the 
laboratory and more importantly, how this situation will affect a structure. Two 
factors may be important in determining damage potential to a structure, duration of 
the wind event in the vicinity of the structure, and large transient load fluctuations 
due to translation. To do this, two time scales can be used, one for the translation 
speed of the vortex, and one for the wind velocities in the vortex. 
The first time scale will be set to 1. Consider a tornado with a diameter of 400 
ft, similar to an F3 tornado, and determine the time that it will take for the vortex core 
to completely pass over a structure of 100 ft length at 75 ft/s, a typical tornado 
speed. For this, the total distance traveled will be 100 ft plus the diameter of the 
tornado, so that the region of maximum tangential wind speeds associated with the 
vortex core will pass over the structure. This gives a total traveling length of 500 ft. 
t=500/75=6.7s 
Now consider the simulator with a length scale with respect to full scale of 
1/100 and a time scale of 1. 
t = 5/V =6.7s, V = .75 ft/s 
The maximum translation speed of the ISU laboratory prototype simulator is 2 
ft/s, so a speed of .75 ft/s is achievable for this example case. This calculation 
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shows that the time scale can be matched such that the duration of wind loads on a 
typical structure in nature for a reasonably strong tornado can be equated to the 
simulated vortex translating over a model structure. 
The second time scale should account for the variability of rotation speeds 
and core size of different tornados. Comparing the time scales for two tornados of a 
constant diameter (~,L = 1), but different horizontal wind speeds (~,~> 1). 
At = A~/ ~~ < 1 
Thus, the time scale of the first tornado with higher horizontal wind speeds 
with respect to the other is less than one. Therefore, to simulate a more intense 
tornado, the time scale must be less than 1. 
Considering the maximum tangential velocity of 87.7 ft/s for the ISU 
laboratory prototype simulator as compared to 300 ft/s in a typical F3 tornado, a 
velocity scale of .29 is obtained. This combined with a length scale of 1 /100 yields a 
time scale of 1 /29 (.03) which is far less than one. This means that the ISU 
prototype laboratory simulator will be simulating a vortex of greater intensity than in 
nature. 
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Figure 6.1 ISU Laboratory Prototype Simulator 
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Chapter 7: Conclusions 
Summary 
This thesis has outlined the design and testing of the ISU laboratory prototype 
tornado simulator. A large number of design considerations were taken into account 
before the final design was implemented. These include redefining the swirl ratio 
based on the radius of maximum tangential velocity, past simulator designs, and the 
different wind related factors that make tornadic winds so unique. 
The design process started with a simulator similar to that designed by Fujita, 
progressed through traditional demonstration designs, and ended with a design that 
has yielded the first translating tornado vortex simulator. 
Sophisticated PIV technology was used to determine the flow field 
characteristics of the new design. The results of data collection and analysis show 
that the simulator produces a vortex that is a good representation of an actual 
tornado. This new design has been used to draw up a larger scale simulator that 
will allow model testing for assessment of wind loads on structures in the near 
future. 
Future Work 
The work described here is part of a project that is funded by the National 
Science Foundation. In this project, a synergistic approach is being used that 
involves use of field data, numerical simulation, and laboratory simulation to study 
tornado-induced wind loads on man-made or built structures. The primary objective 
of this project is to quantify tornado-induced wind loads on typical structures such as 
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low-rise and high-rise buildings, dome-shaped and curved-roof structures, and 
slender chimneys and towers that comprise the majority of built environment. Field 
measurement data from the University of Oklahoma's "Doppler on Wheels" studies 
along with the data generated by numerical simulations of tornado vortex winds at 
ISU to extrapolate the field data to ground level are used to validate the flow field 
generated by the laboratory tornado simulator. 
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